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ABSTRACT 

In  the  first  part  of  this  investigation  the  feasibility 
of  constructing  a  timer  mechanism  with  its  gear  axes  perpendi¬ 
cular  to  the  axis  of  the  projectile  is  considered.  It  is  found 
that  the  potential  advantages  of  this  arrangement  may  not  be 
g'-'eat  enough  to  warrant  solving  the  practical  problems  that 
arisi  with  its  use. 

The  second  part  of  this  investigation  is  concerned  with 
the  friction  torques  of  conventionally  oriented  mechanisms. 

PEAK  AXES  PERPENDICULAR  TO  THE  PROJECTILE  AXIS 
Introduction  Consider  a  shs^t  In  a  timer  mechanism  that  in¬ 
tersects,  and  la  perpendicular  to  the  axis  of  the  projectile. 
During  flight  the  gear -shaft -pin! on  assembly  is  subjected  to 
an  acceleration  along  its  axis  which  is  proportional  to  the 
square  of  the  spin  speed  and  to  the  distance  from  the  projec¬ 
tile  centerline  to  the  assembly's  mass  center.  During  the  in¬ 
terval  vhen  the  projectile  is  in  the  rifled  gun  barrel  the 
assembly  is  subjected  to  a  transverse  acceleration  and  to  an 
axial  acceleration.  The  timer  is  not  required  to  operate  dur¬ 
ing  this  interval  even  though  it  may  have  been  turned  on  when 
firing  was  initiated.  It  is  to  be  expected  that  during  this 
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interval  the  spring  torque  will  be  balanced  by  the  relatively 
high  friction  torques  on  the  timer  shafts.  When  the  projec¬ 
tile  leaves  the  barrel  the  transverse  acceleration  becomes 
negligible  while  the  axial  acceleration  caused  by  projectile 
spin  remains  approximately  constant.  The  timer  is  required 
to  operate  during  this  interval  with  minimum  friction  torque 
on  its  shafts. 

In  a  timer  with  conventional  shaft  directions,  that  is 
with  the  shaft  axes  parallel  to  the  projectile  axis,  the  situa¬ 
tion  is  different.  During  flight  the  shafts  not  on  the  projec¬ 
tile  axis  arc  subjected  to  transverse  accelerations  and  during 
setback  they  are  subjected  to  both  transverse  and  axial  accelera¬ 
tions  . 

Conventionally,  Journal  bearing3  are  used  to  resist  trans¬ 
verse  loads  and  a  flat  thrust  collar  is  used  to  resist  the 
axial  loads  of  setback.  In  a  previous  investigation  fl]  the 
possibility  of  using  sham  vee.  Jewel  type  bearings  in  a  con¬ 
ventionally  oriented  timer  was  considered.  Since  these  bearings 
have  contact  at  a  radius  that  is  small  compared  to  the  shaft 
radius  they  offer  a  potential  for  low  friction  and  are  used  in 
instruments  and  watches  for  this  reason.  It  was  found,  however, 
that  in  the  apollcatlon  considered,  these  bearings  were  inade¬ 
quate  for  two  basic  reasons.  First,  they  had  to  be  an  order  of 
magnitude  larger  than  those  used  In  instruments  in  order  to  with¬ 
stand  the  setback  loads.  This  caused  the  friction  torques 
during  operation  to  be  of  the  same  order  of  magnitude  as  those 

*  Numbers  in  square  bracket3  designate  references  on  page  2? 
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In  Journal  bearings.  Second,  they  have  low  resistance  to  trans¬ 
verse  deflection  and  would  not  hold  the  shafts  with  the  neces¬ 
sary  precision  without  additional  constraints,  which  would  In 
turn  produce  additional  friction. 

By  turning  the  timer  shafts  so  that  they  are  perpendicular 
to  the  projectile  centerline  and  by  providing  a  separate  set  of 
bearings  to  resist  the  transverse  loads  of  setback  two  effects 
occur: 

(1)  The  steady  loads  due  to  projectile  spin  are  changed  from 
a  direction  transverse  to  the  shaft  axis  to  one  parallel  to 
the  shaft  axis. 

(2)  Sizing  of  the  bearings  that  resist  setback  is  made  inde¬ 
pendent  of  the  3lzlng  of  the  bearings  which  resist  the  spin 
produced  loads,  with  the  possibility  of  getting  lower  friction 
t  orque . 

Tentative  Desl^:  Before  analyzing  art  untried  system  In  detail. 

It  should  b<-  determined  In  a  preliminary  fashion,  what  practical 
problems  are  associated  with  the  system  because  of  Its  basic 
nature  and  whst  the  likelihood  of  sulvlrtg  these  problems  Is. 
These  probleme  should  then  be  weighed  against  the  potential  ad¬ 
vantages  cf  the  system  arid  the  results  of  this  comparison  used 
tc  determine  the  extent  of  rhe  required  ariaiysls  and  the  effort 
to  be  devoted  t  solving  the  associated  practical  problems.  To 
this  er.d  the  system  shown  In  Figure  1  was  conceived.  It  has 
the  following  ftatuiea: 

(l)  A  haiderud  stael  bail  cuter  bearing  la  used.  This  eases 
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the  problem  of  hardening  and  precisely  grinding  the  end  of  the 
shaft. 

(2)  A  hardened  steel  or  a  Jewel  spherical  outer  ball  seat  is 
used . 

(3)  A  shaft  with  Integral  pinion  and  staked -on  gear  Is  used. 

The  shaft  contacts  the  outer  ball  at  a  larger  radius  than  the 
ball  does  Its  pe»t  so  that  slipping  occurs  at  the  latter  pair 
of  surfaces  first.  The  relatively  low  contact  stress  developed 
between  the  ball  and  the  shaft  end  eases  the  fabrication  pro¬ 
blem  for  the  shaft  end. 

(4)  Two  cylindrical  Journal  bearings  with  clearance  and  roun¬ 
ded  corners  are  used  to  withstand  the  setback  loads. 

(5)  An  inner  end  ball,  with  a  cylindrical  seat,  an  antirattle 
spring,  and  spherical  contact  with  the  shaft  end  is  used.  It 

is  needed  to  prevent  the  shaft  from  contacting  the  inner  Journal 
bearing  during  operation.  The  inner  ball  is  shown  on  the  same 
side  of  the  projectile  axis  as  the  outer  ball. 

The  design  as  shown  has  certain  limitations  associated 
with  its  potential  advantage  of  low  friction  at  the  small  radii 
of  contact  between  the  balls  and  their  seats. 

The  primary  limitation  is  due  to  the  low  resistance  of  the 
arrangement  to  deflections  produced  by  transverse  loads.  This 
means  that  the  timer  shafts  must  all  be  lined  up  so  that  each 
Intersects  the  projectile  axis.  Deviation  of  the  projectile 
mass  center  from  its  geometric  centerline  may  cause  large  trans¬ 
verse  deflections. 


-  5  - 


In  order  tc  prevent  entail  misalignments  from  causing  ex¬ 
treme  transverse  deflections  relatively  high  axial  forces  are 
required.  This  i*e  :essltates  either  locating  both  bearings  on 
the  same  side  of  the  projectile  axis  or  providing  ar.  antirattle 
spring  of  tremendous  strength. 

To  get  an  Idea  of  the  possible  order  of  magnitude  or  loads 
due  to  misalignment  consider  the  following  numerical  values: 

3fln  Sp»  jc.  ,  u  .  3140  rt.J  'at  c  (%0,OX)  rpm) 

Misalignment:  .080  Inches 

Shaft  length  between  bearings:  .24  Inches 

Weight  of  shaft:  .001  lb 

Minimum  distance.  Inner  bearing  to  spin  axle:  .10  Inches 

Center  of  gravity  half-way  between  bearings 
The  eccentrlf  lty  o'*  the  center  of  gravity  Is  then  (See  Figure  2) 

1/2 

e  «  {  (.0€C  ♦  (.10  +  .12)?  ]  -  Inches 

and  Its  acceleration  Is 

a  -  u»p2e  «  ,3,140)2(.234)  -  5,980g  -  2.305(106)  in/sec2 
The  axial  and  transverse  components  of  this  acceleration  are 

aaxial  “  a  COia  *  (5,980g)(.22)/(.234)  -  5,630g  -  2.14(106) 

in/sec2 

and 

atransveree  "  a  slrv*  ’  (5,980g)  ( .080) /( .234)  -  2,050g  -  .79(106) 

in,  sec2 


iM 
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EFFECT  OF  ECCENTRICITY  WHEN  BOTH 
BKARINOS  ARE  ON  THE  SAME  SIDE 
OP  THE  PROJECTILE  AXIS 


FIGURE  2 


Thus  for  a  .001  lb.  shaft  tha  transverse  and  axial  loads  would 
be  about  2.1  and  5.6  lb.  respectively  under  these  conditions. 
This  continuously  acting  transverse  load  Is  caused  by  the  com¬ 
bination  of  accidental  eccentricity  In  one  direction  and  In¬ 
tentional  eccentricity  In  the  perpendicular  direction.  The 
Intentional  eccentricity  Is  put  In  to  allow  an  axial  force  to 
be  transmitted  across  the  Inner  bearing.  This  axial  force 
would  generate  frictional  resistance  to  transverse  deflection 
at  the  Inner  bearing. 

If  we  decide  to  try  to  locate  the  timer  shafts  with  their 
centers  of  gravity  on  the  projectile  axis,  a  situation  as  shown 
In  Figure  3  would  result.  Assuming  five  shafts  with  the  middle 
one  nominally  centered  and  allowing  for  some  staggering,  the 
eccentricity  of  an  end  shaft  could  be 

1/2 

e  -  {  ( ,08)2  +  (.16)2  ]■  -  .179  inches 

with  a  total  acceleration  of  4,570g  and  axial  and  transverse 
accelerations  of  4,080g  and  2,040g  respectively.  These  are 
essentially  the  same  as  before. 

To  summarize  so  far:  The  pivot  bearings  must  be  able  to 
develop  sufficient  transverse  rigidity  to  prevent  contact  with 
the  Journal  bearings  during  operation.  If  this  transverse  ri¬ 
gidity  Is  attained  by  transmitting  centrlfugally  generated  axial 
forces  across  the  Inner  bearing  (Figure  2),  uncontrollable 
eccentricities  can  cause  appreciable  transverse  forces  on  the 
shaft.  If  axial  forces  on  the  Inner  bearing  are  not  Intention- 


ally  ganaratad  centrifugal ly,  then  one  shaft  can  be  placed  with 
lta  center  of  gravity  nominally  on  the  projectile  centerline. 
The  natural  staggering  of  the  gearing  combined  with  uncontrol¬ 
lable  eccentricity  (Figure  3)  will  then  still  produce  apprecia¬ 
ble  transverse  forces  on  the  shaft.  Thus  a  severe  praotlcal 
problem  exists  In  making  the  effects  of  accidental  eocentrlclty 
negligible. 

Estimate  of  Friction  Torque  Reflected  to  Mainspring  Here  It 
will  be  assumed  that  the  accidental  eccentricity  has  been  made 
zero  and  that  sharp  vee  pivot  bearings  are  resisting  only  axial 
load.  The  friction  torque  caused  by  spin  forces  and  reflected 
to  the  mainspring  will  be  estimated  for  these  cases: 

(1)  Mechanism  center  1  Inch  from  projectile  axis  with  balance 
lever  near  projectile  axis. 

(2)  Mechanism  center  1  inch  from  projectile  axis  with  balance 
lever  away  from  projectile  axis. 

(3)  Balance  lever  center  on  projectile  axis. 

These  three  arrangements  are  shown  In  Figure  4  which  also 
gives  the  numbering  of  the  shafts. 

The  calculated  axial  forces  for  arrangement  (1)  at  a  spin 
speed  of  30,000  rpm  are  shown  In  Table  1,  page  12. 

Using  the  equations  of  Reference  [1]  we  have 

o/o  pl/2  d 

Ro  “  <146  0f  R*f- 
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with  staggering 


EFFECT  OF  ECCENTRICITY  AND  STAOOKRINO 
WHEN  THE  DEARINOS  ARE  ON  OPPOSITE  SIDES 
OF  THE  PROJECTILE  AXIS 

FIGURE  3 
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TABLE  1 


CALCULATED  AXIAL  FORCES  FOR  ARftANQSiEiT  (1) 
AT  A  SPIN  SP1  U  OF  30,000  rpm 


Shaft 

Number 

Eccentricity 
( Inches) 

Axial  Accelera-  Eatlaated  ~ 

tion  (g’s)  height  (lbxlO-3) 

Axial 

Force  (lb) 

NS 

1.12 

26,70) 

• 

5.5 

157.* 

4 

1.07 

27,400 

3.24 

88.6 

3 

1.00 

25,600 

.972 

24.9 

2 

.94 

24,000 

.618 

14.8 

1 

.85 

21,800 

.503 

11.0 

0 

.75 

19,20") 

.332 

6.4o 

BL 

.68 

17,400 

.185 

3.22 

•  Uncertainty  as  to  how 

nruch  eprl  «g  weight 

to  assuae  to  be 

supported 

by  the 

bearing  has  led 

to  disregarding  any 

friction  ceased 

by  this 

force  In  the  totals  of  Tab  Is  •  to  4 
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to  size  the  bearings  where 


H“  "  HJ'  +  H”  (130  of  Ref*  ^ 


(131  of  Ref.  1) 


and 

Is  the  (negative)  radius  of  the  bearing  seat 

Rg  Is  the  radius  of  the  shaft  end  or  ball 

E1  and  Eg  are  the  modulll  of  elasticity  of  the 
two  materials 

and  Vg  are  Poisson's  ratios 
qQ  is  the  design  maximum  coespresslve  stress 
P  Is  the  axial  load 


The  friction  torque  on  a  bearing  with  coefficient  of  friction 
p  and  maximum  compressive  stress  qQ  produced  by  an  axial  load 
P  Is  then 


or 


1/2  p3/2 

vr)  u  ■ 


(151  or  iter.  i) 


.408 


P3/2 
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Using  the  numerical  values  qQ  «  285, OCX)  psl  for  hardened 
steel  on  saphlre  [2]  and  u  -  .17  for  these  materials  we  can 
find  the  torques  required  at  the  shafts  to  overcome  friction 
due  to  the  axial  (centrifugal)  loads  on  the  outer  bearing. 

The  results  are  shown  in  Table  2  (page  15)  which  also  gives  the 
Ideal  torque  required  at  the  mainspring  to  overcome  these  fric¬ 
tion  torques. 

It  may  be  wer.  that  this  is  potentially  a  high  torque  to 
overtone  ac  the  Mainspring  shaft. 

The  effect  «>f  reversing  the  eccentricities  and  locating 
the  balance  lever  on  the  outside  (arrangement  2)  is  shown  in 
Table  j  on  page  . 5 . 

i %  nay  be  w  er.  that  arrangement  1  gives  somewhat  lower 
reflected  frlctl*  i  torque  although  the  orders  of  magnitude  are 

t  !*e  auu . 

TV«e  torque  values  from  these  tables  can  be  modified  for 
otbvr  friction  to- riclente  u,  or  design  bearing  stresses  qQ, 
by  not  In*  that 


T 


fr 


*  '  r 

Table  2 


/  285*000  \1/2 

'  Q  ' 

wo 


for  different  ratios,  shaft  weights,  or  eccentricities 

the  calculations  have  to  be  repeated. 
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TABLE  2 


CALCULATE!  PRICTICN  T  RQUL3  POP 
ARRANOSffiNT  1  POR  A  SPIN  SPEED  OP  JO, OOO  rpm, 

A  CGEPFICIENT  OP  PRICTICN  OP  .17,  AN?  A 
DESIGN  MAXIMUM  COMPRLSSIVF  STRESS  OP  285,000  psl 


Shaft  Oear  Ratio  P  (lb.) 
Number  to  Proa  Table  1) 

Mainspring 


Shaft 
(lb. In. ) 


Tfr  Reflected 

to  Mainspring 
(lb. in. ) 


MS 

1 

- 

- 

- 

4 

2.33 

68.6 

.1062 

.252 

3 

7.00 

24.9 

.0161 

.113 

2 

21.0 

14.8 

.00652 

.137 

1 

78.8 

11.0 

.00472 

.372 

0 

354. 

6.40 

.00210 

.744 

BL 

~ 

3.22 

.000750 

Total  -  1.6l8  lb. in. 

-  25.9  or. in. 
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TABLE  3 


CALCULATED  FRICTION  TORQUES  FOR 
ARRANOEMENT  2  FOR  A  SPIN  SPEED  OF  30,000  rpm, 

A  COEFFICIENT  OF  FRICTION  OF  .17  AND  A 
DESIGN  MAXIMUM  COMPRESSIVE  STRESS  OF  285,000  psi 


Shaft 

Number 

Eccentricity 
(inches)  * 

Axial 

Force 

(lb.) 

Tfr  at 

Shaft 
(lb. in. ) 

Tfp  Reflec¬ 
ted  to  Main¬ 
spring  (lb. in.) 

MS 

.70 

- 

- 

- 

4 

.75 

62.3 

.0638 

.1486 

3 

.85 

21.2 

.01263 

.0835 

2 

.94 

14.8 

.00739 

.155 

1 

1.00 

12.86 

.OO596 

.470 

0 

1.07 

9.10 

.00356 

1.261 

BL 

1.15 

5.44 

.001642 

- 

Total 

-  2.104  lb. in. 

=33.6  oz.in. 


*  All  eccentricities  except  that  of  shaft  number  1  are  estimated 
independently  of  those  in  arrangements  (1)  and  (3) 
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At  opposed  to  these  pessimistic  estimates  we  may  consider 
Arrangement  3,  with  tne  balance  lever  center  of  mass  exactly 
at  the  spin  axis  and  the  only  eccentricities  due  to  a  small 
staggering  effect.  The  results  of  this  calculation  are  shown 
In  Table  4,  page  lti. 

It  may  be  noted  that  the  friction  arising  from  the  trans¬ 
verse  loads  applied  at  the  gear  teeth  has  been  realistically 
neglected  In  Tables  2  and  3  but  that  this  neglect  Is  not  Jus¬ 
tified  In  the  optimistic  Table  4.  Table  4  does  Indicate,  how¬ 
ever,  the  potentially  lower  friction  possible  when  the  aechan- 
ism  1b  centered  on  the  spin  axis. 

These  results  may  be  summarized  as  follows:  If  we  assise 
that  all  the  shaft  axes  actually  do  Intersect  the  epln  axis, 
and  the  loads  are  thus  applied  axially,  then  at  30,000  rpu 
the  torque  required  at  the  mainspring  to  overcome  the  friction 
caused  by  these  axial  loads  is  of  the  order  of  the  available 
torque  when  the  eccentricity  of  the  mechanism  la  about  one 
Inch.  If  the  centrifugal  forces  are  not  used  to  generate 
transverse  stiffness,  then  the  eccentricity  of  the  mechanics 
can  be  reduced  and  friction  torques  an  order  of  magnitude  lower 
can  be  attained. 

Effect  of  Proposed  Orientation  on  Balance  Lever  Period  P lg - 
ure  5  shows  the  balance  lever  for  the  on -center  Arrangement  3. 
It  Is  shown  in  Its  equilibrium  position  with  Its  center  of 
mass  on  the  spin  centerline  of  the  projectile.  It  may  be  noted 
that  when  the  balance  lever  Is  rotated  from  Its  equilibrium 
position,  centrifugal  forces  act  on  the  two  masses  to  increase 
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TABLE  4 

CALCULATED  FRICTION  TORQUES  FOR 
ARRANGEMENT  3  FOR  A  SPIN  SPEED  OF  30,000  rpm, 

A  COEFFICIENT  OF  FRICTION  OF  .17  AND  A 
DESION  MAXIMUM  COMPRESSIVE  STRESS  OF  285,000  pel 


Shaft 

No. 

Eccentri¬ 

city 

(inches)  * 

Axial 

Force 

(lb.) 

Tfp  at 

Shaft 
(lb. In.  ) 

Tfr  Refl#cted 
To  Mainspring 
(lb.ln, ) 

MS 

.15 

- 

- 

- 

4 

.13 

10.75 

.00457 

.OIO65 

3 

.11 

2.73 

.000584 

.00409 

2 

.09 

1.42 

.000219 

.00461 

1 

.07 

.900 

.0001105 

.00872 

0 

.05 

.424 

.0000357 

.01262 

BL 

0 

0 

• 

*• 

Total  =  .04069  lb. In. 
«*  .652  oz.ln. 


*  All  eccentricities  except  that  of  shaft  number  DL  are  es 
tlmated  independently  of  those  In  arrangements  (1)  and  (2). 


-  18  - 


projectile 


BALANCE  LEVER  IN  ITS  EQUILIBRIUM  POSITION 
WHEN  ITS  CENTER  OF  MASS  LIBS  ON  THE 
SPIN  CENTERLINE  OP  THE  PROJECTILE 


FIGURE  5 


this  deflection.  A 8 Burning  for  the  calculations  to  follow  that 
the  spring  stiffness  Is  not  affected  by  spin,  the  effective 
stiffness  become? 

Kt  effective  "  Kt  spring  "  “"p  ° 

Assuming  that  K„  offeetlve  is  equal  to  Kt  deBlgn  at  a  design 
spin  speed  u>p,  it  will  Increase  to  a  higher  value  at  a  lower 
spin  upeea.  i’’o  ’  •  numerical  estimate  of  this  effect  take  pre¬ 
sent  "typical"  numerical  values  as 

b  =«  .701/2  Inches 

mg  *  1L5.‘3  x  10“^  lb. 
and 

fn  30,000  "  81,5  cpfl 

and  calculate  the  natural  frequency  when  the  spin  speed  Is  half 
of  the  design  maximum  spin  speed  of  30,000  rpm.  We  have 

Kt  -  1  “-n230,000-  <-°366  x  l0'6)*-**  *  1q6> 

-  .0096  In. lb. /rad. 

Kt  15,000  "  Kt  30,000  +  21  C1  "  (  3^  )2^  mwi5,0O0b2 

2  t  2  1/2 

fn  15,000  "  fn  30,000  ^  +  3u,15,000  30,000^ 

-  81.5  (5.43) 

-  441  cps 
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which  obviously  cannot  bs  tolerated. 

If  the  equilibrium  position  Is  rotated  90°  as  shown  In 
Figure  6  a  similar  effect  occurs.  In  this  case  a  emal  *o- 
tatlon  from  the  equilibrium  position  does  not  change  th  oen- 
trlfugal  forces  to  first  order  In  small  quantities,  but  does 
change  the  moment  arms  of  these  forces  by  first  order  quantities. 
The  effective  spring  constant  becomes 

Kt  effective  "  Kt  spring  +  mu,p  b 

which,  except  for  a  difference  in  sign  causes  the  same  dlffl> 
cultles  as  before. 

For  the  mechanism  of  Table  2,  where  the  balance  lever  has 
an  intentional  eccentricity  similar  effects  occur. 

It  can  be  seen  that  since  the  signs  of  the  spin  sensitive 
terms  depend  on  the  orientation  of  the  two  masses  which  effec¬ 
tively  determine  the  motion  of  the  balance  lever,  it  would  be 
possible  to  cancel  out  these  effects  by  using  a  balance  lever 
with  suitable  symmetry. 

Conclusions  From  the  discussion  and  preliminary  calculations 
we  may  list  the  following  conclusions. 

There  is  a  possibility  of  considerably  reducing  friction 
torque  during  operation  of  a  conventional  timer  by  turning  Its 
axis  90°,  using  sharp  vee  pivot  bearings,  and  locating  Its  cen¬ 
ter  of  gravity  on  the  spin  axis  of  the  projectile. 

There  are,  however,  severe  practical  disadvantages  as»o- 
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BALANCE  LEVER  IN  ITS  EQUILIBRIUM  P  SITION 
WHEN  ITS  CENTER  OF  NASS  LIES  ON  THE  SPIN 
CENTERLINE  OF  THE  PROJECTILE 
(  Equilibrium  position  rotat¬ 
ed  90°  from  that  of  figure  5  ) 


FIGURE  6 


elated  with  this  chang«.  They  are  (no  attempt  la  Baade  her#  to 
estimate  the  relative  Importance  of  each  dlaadvantage) : 

1.  All  ahafta  must  Intersect  the  spin  axis  of  the  projectile 
and  must  therefore  project  on  a  straight  line.  This  may  cause 
an  unwieldy  shape  to  be  required  for  the  t later. 

2.  Transverse  accelerations  of  the  order  of  2000g  can  arise 
due  to  accidental  eccentricities.  The  sharp  vee  pivot  bearings 
have  negligible  resistance  to  transverse  deflection  caused  by 
the  Inertia  forses  arising  from  these  accelerations  and  exces¬ 
sive  deflections  of  the  shafts  will  occur. 

3.  If  axial  forces  are  generated  by  spin  in  order  to  create 
sufficient  axial  reaction  to  cause  transverse  frictional  resis¬ 
tance  to  deflection,  then  the  friction  torques  arising  from  these 
axial  reactions  are  of  the  order  of  magnitude  of  the  mainspring 
capabilities.  Thus  the  low  friction  advantage  of  the  arrange¬ 
ment  would  be  lost. 

4.  Por  a  conventional  two-mass  balance  lever  the  effective 
spring  constant  depends  upon  the  spin  speed.  Thus  either  the 
frequency  will  be  sensitive  to  spin  speed  or  an  unconventional 
balance  lever  shape  must  be  used. 

FRICTION  TORQUES  ON  A  COWVPITIOWAL  TIMER 
In  this  section  friction  torques  on  a  conventional  timer 
are  calculated.  First  the  mechanism  centerline  la  taken  to 
coincide  with  the  spin  axis  of  the  projectile  and  then  It  Is 
taken  as  being  eccentric  by  .080  inches  In  the  direction  vhlch 
Increases  the  escapeeheel '  s  eccentricity  by  this  amount* 
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If  a  cosine  distribution  of  norxutl  force  in  the  circum¬ 
ferential  direction  la  assumed  for  a  Journal  bearing,  then  the 
following  relations  can  be  derived  for  maximum  pressure  and 
friction  torque. 


p 

Pffl  -  £  (123  of  Ref.  1) 

TfP  “  (Ptp)<d/*)(uJ*Vr) 

(128  of  Ref.  1) 


-  (Ptr)(d/2.)(w)(  1.275) 

»ihere  P  la  the  transverse  load  applied  to  the  bearing,  pm 
Is  the  a* aximum  force  per  unit  length  of  clrcua  Terence,  d  is 
the  diameter,  u  the  coefficient  of  friction,  and  the  fric¬ 
tion  torque. 

It  may  be  noted  that: 

1.  Although  all  the  friction  force  a  are  exerted  at  the  shaft 
radius,  the  friction  torque  Is  greater  than  (P^  ) (d/2)  (u)  be¬ 
cause  aore  normal  force  than  Ptr  Is  generated  to  resist  ?tr, 
due  to  the  angularity  of  the  normal  force  coi  ponents  with  re¬ 
spect  to  P  . 

2.  The  maximum  pressure  Is  1.273  tlaea  (Ptr/d)  and  the  effec¬ 
tive  friction  radlua  is  1.275  times  the  radius  of  the  shaft. 

3.  If  a  uniform  pressure  distribution  is  assumed,  the  corres¬ 
ponding  values  are  1.00  aid  1.571.  In  this  case  the  maximum 
preoeure  le  lees  as  aore  of  the  aurfaoe  le  subjected  to  this 
pressure  but  the  friction  torque  le  higher  for  the  same  reason. 

4.  The  factor  1.275  In  the  torque  equation  can  be  reduced  to 
1.00  If  all  the  pressure  la  concentrated  In  line  with  Ptp. 

This  means  relatively  large  clearance  and  la  unacceptable  in 


•c  A  1 

a  mechanism  of  this  type. 

For  the  present  calculations  we  til  11  use  the  cosine  dis¬ 
tribution  as  being  the  moat  reasonable  fo**  this  mechanism. 

We  will  also  assume  that  the  not  force,  f  ,  acting  on  the 
two  bearings  equals  the  applleu  transverse  force.  This  *111 
occur  If  the  plates  have  at  least  s  slight  meridians*  curvature 
so  that  both  ends  of  the  shafts  can  be  considered  as  simply 
supported  (See  page  93  of  Reference  1). 

The  results  of  the  friction  calculations  r or  no  eccentri¬ 
city  are  tabulated  In  Table  5,  page  26,  which  also  shows  the 
pertinent  mechanism  dimensions  and  welghta  which  were  used. 

It  may  be  seen  that  for  coefficients  of  friction  of  .17 
the  calculated  friction  torque  at  tha  mainspring  is  of  the 
order  of  magnitude  of  the  available  spring  torque.  It  may  be 
noted  that: 

1.  This  calculation  Is  valid  as  long  as  the  transverse  forces 
produced  at  the  bearings  by  transmitted  torque  ar*  negligible 
compared  to  those  produced  by  centrifugal  sere lerst Ion. 

2.  Subject  to  this  limitation  the  friction  torque  Is  directly 
proportional  to  coefficient  of  friction  (taken  a  a  .17  here) 
and  to  the  square  of  the  spin  spaed  (taken  as  30,000  rpm  here). 

In  Table  6,  page  27,  calculations  are  given  for  the  asms 
mechanism  with  an  eccentricity  of  .060  inches  In  a  direction 
toward  the  escapewheel  center,  as  this  produces  the  greatest 
effect  at  the  mainspring. 

It  may  be  seen  that  for  an  eccentricity  of  this  (pessi¬ 
mistic  but  possible)  magnitude  In  this  direction  a  considerable 
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TABLE  5 

FMCTI  K  CAUSED  BY  CENTRIPUOAL  FORCE 
KECK AM ISM  ON  CENTER 


Shaft 

No. 

Kccentrl - 
city  (In. ) 

llbalO3) 

'tr.# 

(lb) 

Diame¬ 

ter 

(mil.) 

Oear 

Ratio 

to 

Main- 

Spring 

Tfrftt 
*r  ## 

Shaft 
(lb. In.) 

Tfr  at 

Main 

Spring 
(lb. In.) 

m 

0 

5.  5 

0 

97.8 

1 

0 

0 

k 

.31* 

3.2* 

26.1 

*9.2 

2.33 

.1388 

.32* 

3 

.28* 

.972 

7.06 

30.0 

7.00 

.0229 

.161 

2 

312 

.610 

*.92 

22.1 

21.0 

.  01178 

.2*7 

1 

.210 

.503 

2.70 

18.3 

78.8 

.00535 

.*22 

0 

.211 

.332 

1.79 

18.6 

35*. 

.00360 

1.275 

BL 

0 

.105 

0 

18. 

- 

0 

- 

•  Due 

to  a  spin 

•peed  of 

30,000 

rpra 

Octal  * 

2.;-3  112.  in. 

••  Due 

to  a  coefficient  of 

friction  of  . 

17 

= 

39  02.m. 

TABUS  6 


FRICTION  CAUSED  BY  CENTRIFUGAL  PORCE 
MECHANISM  ECCENTRIC  BY  .000  INCHES 


Shaft 

No. 

Eccen¬ 

tricity 

(Inches) 

Weight, 

(lbxlO^) 

P*  * 

tr 

(lb.> 

Diame¬ 

ter 

(nil) 

Sear  Ratio 
to 

Mainspring 

T-,at 

XT  + 

Shaft 
(lb. In.) 

Tfrst 
Main- 
spring 
(lb. in.) 

MS 

.080 

3.5 

11.27 

9'T.0 

1 

.119 

.119  ## 

4 

.31* 

3.2* 

26.1 

49.2 

2.33 

.1388 

.324 

3 

.3  52 

.972 

8.75 

30.0 

7.00 

.0204 

.199 

2 

.390 

.618 

6.16 

22.1 

21.0 

.01473 

.310 

1 

.260 

•  503 

3.35 

18.3 

78.8 

.00664 

.522 

0 

.291 

.33? 

2.4  7 

10.6 

354. 

.00490 

1.764 

BL 

.000 

.105 

18.0 

- 

- 

*  Due 

to  «  epln 

ipeel  of 

30,000 

rpm 

Total 

-  3.12 

lb. In. 

♦  Due 

to  a  coefficient  of  friction  of  . 

17 

-  50 

oz.in. 

••  Neplectei  In  ii  becauac  of  uncertainty  about  weight  to  uae. 
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Increase  in  friction  torque  will  oocur. 

Another  general  comment  may  be  made.  The  friction  coef¬ 
ficient  used  here  is  .17.  Before  using  an  experimentally  de¬ 
termined  friction  coefficient  it  should  be  determined  which 
circumferential  pressure  distribution  has  been  assumed  by  the 
experimenter.  For  the  three  more  or  less  limiting  cases  con¬ 
sidered  here  there  are  factors  of  1,  1.275,  and  1.571  which 
would  be  used  in  transforming  measured  values  of  friction  tor¬ 
que,  transverse  force,  and  shaft  diameter  to  friction  coefficient. 
Considerable  differences  can  result  if  we  are  unaware  which  val¬ 
ue  an  experimenter  has  used. 

It  may  also  be  noted  that  the  effect  of  gear  ratio  in  in¬ 
creasing  the  reflected  torque  to  the  mainspring  more  than  coun¬ 
teracts  the  effect  of  reduced  weight  in  decreasing  this  torque 
as  we  go  toward  the  high  speed  end  of  the  gear  train. 
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SYMBOLS 


*p 

Angular  velocity  of  projectile 

rad/sec 

Ro 

1.1+1 
*o  *1  "2 

R1 

Bearing  radius 

in 

"2 

Pivot  radius 

ir 

Axial  load  on  shaft  pivot  and  bearing 

lb 

Eo 

1  1  -  vl2  1  -  v22 

v  ~*r 

*1 

Bearing  modulus  of  elasticity 

psi 

*2 

Shaft  ondulus  of  elasticity 

psi 

V1 

Poisson' s  ratio  for  bearing 

v2 

Poisson's  ratio  for  shaft 

«o 

Maxi aua  pressure  on  contact  area 

psi 

U 

Coefficient  of  friction 

Tfr 

Friction  torque 

in  lb 

m/2 

Balance  lever  messes 

b 

Distance  from  balance  lever  masses  to  center 
of  rotation 

Kt 

Balance  lever  spring  stiffness 

I 

Noaent  of  inertia  of  balance  lever 

*n 

Natural  frequency  of  balance  lever 

rad/sec 

fn 

Natural  frequency  of  balance  lever 

cps 
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SYMBOLS 


Transverse  load  applied  to  journal  bearing 

Maximum  force  per  unit  length  of  Journal  bear¬ 
ing  circumference 


lb 

lb/in 


Diameter  of  shaft 
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